Introduction
Superparamagnetic behavior of particles in supported catalysts is a useful phenomenon, as it allows determination of the particle size by analysis of the magnetization of the sample as a function of applied magnetic field.' With iron catalysts, the magnetization can conveniently be measured by Mossbauer spectroscopy. However, superparamagnetism has only rarely been observed in metallic iron,2 although it is very common in small particles of iron oxide. It has been suggested that a small particle size is not a sufficient condition for the Occurrence of superparamagnetism, and that an additional requirement is that the distance between the particles is such that magnetic interactions between the magnetic moments of the particles become negligible.3-4 Magnetic dipole4ipole and exchange coupling tend to align the moments of the particles and thus prevent superparamagnetism.
Recently, Jung et al.596 have reported that very small particles of metallic iron (a-Fe) with diameters in the 2-3-nm range can be obtained by impregnating a porous carbon black called Carbolac-l (C-l) with an aqueous solution of iron nitrate, followed by reduction in hydrogen a t 675-725 K. Mossbauer spectra of these samples measured in situ under H2 at 295, 80, and 4 K confirmed that mast of the iron is in the metallic state and revealed that about 60% of the a-Fe was superparamagnetic at 80 K.4
The purpose of this Letter is to describe the preparation of a carbon-supported iron catalyst in which all a-Fe exhibits superparamagnetism at 300 and 80 K and the characterization and determination of the size of the a-Fe particles by means of Mossbauer spectroscopy in external magnetic fields.
Experimental Section
Samples were prepared as follows. Fe203, 90% enriched in the isotope 57Fe (Oak Ridge), was reduced in flowing H2 at 700 K for 24 h and next dissolved in 2 N HN03. This solution was mixed with Fe(N0,)3.9H20 dissolved in H 2 0 and the mixture was added dropwise to the Carbolac-1 (950 m2/g, Cabot) support, until the incipient wetness point was reached. The Fe/C-1 samples contain 3.5 wt % of iron, 13% of which is 57Fe. Impregnated samples were ~~~ ( I ) Selwood, P. W. "Chemisorption and Magnetization"; Academic Press: New York, 1975.
(2) Marup, S.; Dumesic, J. A.; Topsne, H. In "Applications of MGssbauer Spectroscopy", Vol. 11, Cohen, R. L., Ed.; Academic Press: New York, 1980; P 1.
( carefully dried in air, at 295 K for 12 days, at 325 K for 24 h, at 345 K for 48 h, at 365 K for 72 h, and finally at 400 K for 56 h. A dried sample was pressed into a self-supporting wafer and mounted in the Mossbauer in situ reactor described previously.' Reduction of the Fe/C-1 samples was carried out in the in situ reactor in flowing hydrogen which had been purified in a Pd diffusion cell at 390 K for 1 h, at 535 K for 0.5 h, at 615 K for 16 h, and finally at 675 K for 16 h. It is our experience that careful drying and reduction procedures are essential for obtaining small iron particles. Mossbauer spectra were measured with a constant acceleration spectrometer. Spectra were obtained in applied magnetic fields between 0.01 (the remanence field of the electromagnet) and 1.03 T. The magnetic fields were applied perpendicular to the y-ray direction. The measurements were carried out with the particles exposed to hydrogen. Spectra were folded after measurement in order to remove the geometrical background. Velocities are given with respect to the isomer shift of a-Fe at room temperature.
Results and Discussion
Mossbauer spectra of the reduced Fe/C-1 sample, measured at 80 and 300 K in different applied magnetic fields, are shown in Figure 1 . The spectra obtained without an applied magnetic field consist mainly of a broad single line with an isomer shift equal to that of a-Fe. Note that these spectra also contain a shoulder at a higher velocity. We attribute this component to iron in the ferrous state. As shown previously, this Fe2+ component appears as an unresolved doublet at 300 K6 and as a well-resolved doublet at 80 K.4
The spectra measured in an applied magnetic field show magnetic splitting. The magnitude of the splitting increases with increasing applied magnetic field. The relative line areas in the magnetically split spectra are close to 3:4: 1 :I :4:3 as expected for a sample magnetized perpendicular to the y-ray direction.
The lines in the spectra shown in Figure 1 are quite broad. This is presumably due to a particle size distribution which results in a distribution in magnetic hyperfine fields when an external field is applied. Part of the line broadening may also be due to differences in the hyperfine fields of surface atoms and atoms in the interior of the particles. The average hyperfine field, Bobsd, M~S determined from the positions of the most well-defined lines in the spectra, Le., lines 2 and 5 at 80 K and lines 3 and 4 at 300 K.
The magnetic field dependence of Mossbauer spectra of superparamagnetic particles has been discussed in detail in earlier . . publication^.^*^-^ In short, the magnetic energy 0 : a small ferromagnetic particle in an applied magnetic field, B, is given by
where E, is the magnetic anisotropy energy and ji is the magnetic moment of the particle which is given by the product of the magnetization, M , and the particle volume, V.
For applied magnetic fields of the order of 1 T, the anisotropy energy is normally much smaller than the Zeeman energy of ferromagnetic and therefore the first term in eq 1 may be neglected. At temperatures above the superparamagnetic blocking temperature the magnetic hyperfine splitting in the Mossbauer spectrum is then proportional to2*338
where Bo is the saturation hyperfine field, L { is the Langevin function, k is Boltzmann's constant, and T i s the temperature.
For pB/kT >> 1 one may use the approximation
(3)
According to eq 3 a plot of IBobsd -dl as a function of B' gives a straight line with slope Bo(kT/p) and intercept Bo, and if the magnetization is known the particle-volume can be determined.2,8 It is therefore concluded that the main component in the spectra is due to a-Fe.
The slopes of the straight lines in Figure 2 correspond to magnetic moments of (1.35 f 0.15) X J T-' at 80 K and (1.6 f 0.3) X J T1 at 300 K, respectively. If we assume that the particles are spherically shaped and that their magnetization is equal to that of bulk metallic iron, the magnetic moments correspond to a particle diameter of 2.5 f 0.2 nm.
The size determination of the iron particles in the Fe/C-1 catalyst is based upon eq 3. In the derivation of this expression two approximations have been made. First, the _magnetic anisotropy energy E, in eq 1 is much smaller than ,GB, and second, p B / k T >> 1. The diameter of the iron particles is only about 2.5 nm and, consequently, the magnetic moment of the particles is small. Moreover, the magnetic anisotropic energy constant may be very large since it increases with decreasing particle size.2 Therefore, the validity of these approximations needs to be verified.
To start with the seco_nd assu-mption, we note that Figure 2 shows that the value of IBobsd -BI at 300 K for an applied field of 0.55 T is only about 50% of the saturation field Bo. This implies that pB/kT is about 2, Le., not much larger than 1. The dotted line in Figure 2 represents the more precise expression, eq 2 . It is seen that the error introduced by using the linear approximation, eq 3, is smaller than the experimental uncertainty.
In microcrystals the magnetic anisotropy energy constant is normally much larger than the bulk value for the magnetocrystalline anisotropy.2.8 For example, the magnetic anisotropy energy constant in 6-nm a-Fe microcrystal^^^^ is of the order of lo5 J m-3 which is larger than the contribution from magnetocrystalline anisotropy by about one order of magnitude, illustrating that contributions such as shape, surface, and stress anisotropy dominate the magnetocrystalline anisotropy. In such cases the anisotropy is expected to be uniaxial rather than cubic2
The value of the magnetic anisotropy energy constant, K , for particles with uniaxial anisotropy can easily be calculated if the superparamagnetic relaxation time is
At 80 K the line width of the zero field spectrum is about 1.4 mm s-' and the spectrum contains a broad component. This indicates a relaxation time in the range 0.5-5.0 ns. From these values we estimate that found in the present particles is in accordance with the expected contribution from the surface due to the larger surface to volume ratio. With a magnetic anisotropy of this size the first term of eq 1 is approximately equal to the second term at B = 0.55 T, and therefore it cannot be neglected.
In order to estimate the error in the particle size determination, introduced by neglecting the magnetic anisotropy energy, we have computer-simulated spectra of superparamagnetic a-Fe with various values of K and in different applied magnetic fields.I0 These investigations show that in the present case the error in the particle size determination by use of eq 3 is less than 5%.
It is interesting to note that the isomer shift and quadrupole splitting of the 2.5-nm a-Fe particles are within experimental error equal to those of bulk a-Fe. Also Bo, the saturation hyperfine field, is, after correction for the influence of the demagnetizing field, equal to that of bulk a-Fe, within experimental error. Thus, (10) Clausen, B. S.; Christensen, P. H.; Mmup, S., to be published. in spite of the extremely small particle size, the particles behave, apart from the superparamagnetic relaxation phenomena, essentially as bulk a-Fe.
The present Fe/C-1 catalyst provides a very interesting sample for fundamental studies of superparamagnetic relaxation in metallic iron. As a-Fe particles with a diameter of 2.5 nm contain less than 700 atoms, of which about one third are at the surface, the Fe/C-1 catalyst offers also possibilities to investigate the influence of adsorbed gases on the magnetic behavior of the metal atoms at the surface. Measurements of the Fe/C-1 sample at temperatures below that of liquid nitrogen and in magnetic fields up to 7 T are now in progress.
Introduction
In general, the parade of electronic excitations in the alkyl olefins below 8 eV is quite regular, with the pattern of a -3s, a -3p, and K -3d Rydberg excitations interrupted only by the intrusion of the Ka* valence excitation in the vicinity of the transition to 3s.' Valence transitions between a and CT valence MO's occur at yet higher energies and rarely have been identified with any confidence. The various Rydberg excitations in alkyl olefins have been identified as such on the basis of (a) the term values of the excitations (ionization potential minus the excitation energy), (b) the spectral response to external perturbation on going from the vapor phase to a condensed phase, and (c) their oscillator strengths, f. Elaborating on the above points, the term values of Rydberg transitions terminating at 3s, 3p, and 3d Rydberg orbitals fall in the ranges 27 000-21 000,21000-18000, and 14000-1 1000 cm-I, respectively, with the variation within each range related directly to the number and bulk of the pendant alkyl groups. Note that in the limit of very large alkyl groups (10 or more carbon atoms per molecule), the term values of transitions terminating at 3s and 3p in olefins are nearly equal.
When studied in absorption, the Rydberg bands of a molecule's vapor-phase spectrum are so strongly perturbed on going into solution or into a solid phaseZ that they often are cited as "missing" in the condensed-phase spectra. Studies of this effect using the circular dichroism of chiral derivatives show that the Rydberg bands upon external perturbation are not "missing" but are broadened and shifted to higher frequencie~.'.~,~ Lowering the temperature of such solutions further shifts the CD band centers to higher frequencies. In contrast, a valence excitation such as .rr -K* will be shifted to lower frequency upon entering the condensed phase, and lowering the temperature has no further effect on the transition frequency. As for the oscillator strength distinction between Rydberg and valence transitions in the alkyl
